Abstract: Sorghum, Sorghum bicolor (L.) Moench, is the fifth most important cereal crop grown worldwide and the fourth in the United States. Greenbug, Schizaphis graminum (Rondani), is a major insect pest of sorghum with several biotypes reported to date. Greenbug biotype I is currently the most prevalent and most virulent on sorghum plants. Breeding for resistance is an effective way to control greenbug damage. A successful breeding program relies in part upon a clear understanding of breeding materials. However, the genetic diversity and relatedness among the greenbug biotype I resistant accessions collected from different geographic origins have not been well characterized, although a rich germplasm collection is available. In this study, 26 sorghum accessions from 12 countries were evaluated for both resistance to greenbug biotype I and genetic diversity using fluorescence-labeled amplified fragment length polymorphism (AFLP). Twenty-six AFLP primer combinations produced 819 polymorphic fragments indicating a relatively high level of polymorphism among the accessions. Genetic similarity coefficients among the sorghum accessions ranged from 0.69 to 0.90. Cluster analysis indicated that there were two major groups based on polymorphic bands. This study has led to the identification of new genetic sources of sorghum with substantial genetic variation and distinct groupings of resistant accessions that have the potential for use in the development of durable greenbug resistant sorghum.
Introduction
Sorghum bicolor (L.) Moench is the most important and diverse species in the genus Sorghum because of its significant economic value and wide adaptation in the world. In the United States, grain sorghum is widely grown as a major cereal crop in the Great Plains. Although higher grain yield is the major breeding target, genetic improvement for abiotic and biotic tolerance, i.e., providing defense mechanisms to protect sustainable production, is also a major focus of many breeding projects (Rooney 2004) . Among the various biotic stresses of sorghum, the greenbug (Schizaphis graminum Rondani) is a key insect pest that can cause extensive damage and significant economic loss to sorghum production (Teetes and Pendleton 2000) . Greenbug-resistant sorghum hybrids produced from 17% to 33% more grain yield than non-resistant sorghum crops in the 1987-1989 seasons (Eddleman et al. 1999) . Harvey and Hackerott (1969) first reported that greenbug extensively damaged grain sorghum leaves and reduced grain yield in 1968 in the USA. The sorghum greenbug was designated biotype C because it attacked biotype B resistant sudangrass (Sorghum sudanense (Piper) Stapf.) (Harvey and Hackerott 1969) . Since then, additional greenbug biotypes, E, I, and K, have been identified and shown to cause injury to sorghum plants at all growth stages (Porter et al. 1982; Harvey et al. 1991 Harvey et al. , 1997 . Currently, developing sorghum hybrids resistant to biotype I greenbugs is an ongoing effort in many sorghum breeding projects (Rooney 2004) . More recently, Katsar et al. (2002) , Agrama et al. (2002) , and Nagaraj et al. (2005) reported that greenbug biotype I resistance QTLs are located primarily on linkage groups A, B, C, D, F, H, and J of the sorghum genome and found that sorghum resistance to different greenbug biotypes was conditioned by various loci with allelic variations. Unfortunately, only a limited number of grain-type sorghum genotypes, plant introductions (PIs) 550607, 550610 and 607900, and the hybrid 'Cargill 607E', resistant to biotype I have been reported (Harvey et al. , 1994 (Harvey et al. , 1997 Kofoid et al. 1991; Andrews et al. 1993) . In our recent studies, more sorghum germplasm accessions from various geographic locations have been identified to have resistance to greenbug biotype I (Y. Huang, unpublished data). However, information on the genetic relatedness of the greenbug-resistant sorghum accessions has not been available. Such genetic diversity information is critical to sorghum breeders because use of different resistant materials in breeding programs can diversify the genetic bases of new hybrids and accumulate desirable resistance alleles in elite germplasm.
DNA molecular markers, restriction fragment length polymorphism (RFLP) markers (Tao et al. 1993; Vierling et al. 1994; Ahnert et al. 1996) , random amplified polymorphic DNA (RAPD) (Tao et al. 1993; Vierling et al. 1994; Uptmoor et al. 2003; Huang 2004) , and simple sequence repeats (SSRs) (Smith et al. 2000; Ghebru et al. 2002; Uptmoor et al. 2003; Menz et al. 2004 ) have been successfully used to estimate genetic diversity in sorghum. More recently, amplified fragment length polymorphism (AFLP) markers (Vos et al. 1995) are increasingly used to assess sorghum genetic diversity (Menz et are so highly polymorphic and reliable. Although DNA markers have been widely used to measure sorghum genetic diversity, none have focused on the variation within greenbug-resistant germplasm. In this study, we used AFLP markers to quantify the genetic relatedness of different sorghum accessions resistant to greenbug biotype I, which is currently the most prevalent and virulent greenbug found in grain sorghum fields in the Great Plains (Burd and Porter 2005) .
Materials and methods

Plant materials and evaluation of greenbug resistance
The collection of greenbug biotype I resistant sorghum accessions (Table 1 ) used in the study resulted from the greenhouse testing of over 30 000 germplasm accessions from the USDA National Plant Germplasm System sorghum collection (Y. Huang, data not shown). The resistant accessions originated from 12 countries on 3 continents (Africa, Asia, and North America) ( Table 1 ). For the greenbug bioassay, 5 seeds from each entry were planted into one cell of a growth tray filled with a standard soil mix (Scotts-Sierra Horticultural Products Company, Marysville, Ohio) and incubated at 29 ± 1°C with a 14 h light : 10 h dark photoperiod. After 7 days of germination, seedlings were thinned to 1 plant/cell and only healthy seedlings of similar size were used for infestation. Seedlings from the Westland A line were included as a susceptible control; PIs 550607 and 550610 were used as strong resistant checks. The experimental design of the testing was a randomized complete-block with 6 replications. The phenotype testing for greenbug resistance followed the procedures of Starks and Burton (1977) with some modifications. Greenbug damage to each seedling was scored 5 days after infestation, when the susceptible control plants were dead or dying. A scale from 1 (< 20% leaf damage) to 6 (dead plant), with equal intervals, was used to score infestation damage. Data were analyzed using PROC GLM, and means were separated using Duncan's multiple range test of least-significant difference (P < 0.05) (SAS Institute Inc. 2001).
AFLP experiment and marker data analysis
DNA was extracted from the bulked leaf tissues of 6 seedlings from each line using the CTAB (hexadecyltrimethylammonium bromide) procedure of Doyle and Doyle (1990) . The AFLP experiment was performed as described by Wu et al. (2004) .
Each AFLP gel profile was scored for total and polymorphic PCR fragments by visual inspection. To secure reliable results, only the unambiguous bands ranging from 50 to 500 bp were scored. Each gel was scored twice. A polymorphic DNA band was read as "1" or "0" (present or absent at a locus) into a binary data matrix for each sorghum entry for all 26 primer combinations. The data matrix was analyzed using NTSYS version 2.0 (Exeter Software, Setauket, N.Y.). Genetic similarity coefficients (GSC) of pair-wise comparisons between the resistant sorghum accessions were calculated with the SIMQUAL module of the software. Cluster analysis was conducted using the unweighted pair-group method with arithmetic averaging (UPGMA) within the SAHN module of the NTSYS program. A goodness-of-fit test of the cophenetic matrix of the cluster to the similarity matrix was performed using the MXCOMP module.
Results and discussion
Resistance of the sorghum accessions to greenbug biotype I
Variance analysis of the greenbug damage data indicated there were significant differences (P < 0.01) in greenbug biotype I resistance among the 26 resistant sorghum entries, and the resistance of each accession was significantly higher than that of the susceptible control, the Westland A line (P < 0.05). Mean damage ratings and the associated standard deviations (SD) of all resistant entries against greenbug biotype I are given in Table 1 . While the susceptible control had an average rating of 5.8 ± 0.2, 5 accessions had strong resistance (rating from 1.0 to 2.0) to greenbug biotype I, 13 accessions showed moderate resistance ranging from 2.5 to 3.5, and the remaining 8 accessions demonstrated weak resistance (ratings from 3.6 to 4.5) ( standard deviations, indicating that substantial resistance variation may exist within the accessions. For the resistance ratings of the 4 well-documented resistance sources, the results reported here are in good agreement with the previous data by Andrews et al. (1993) , Wilde and Tuinstra (2000) , and Gorz et al. (1990) .
AFLP genetic relatedness among the resistant sorghum germplasm
The 26 AFLP select primer combinations produced a total of 1661 scored bands for the 26 greenbug biotype I resistant sorghum accessions, with an average of 64 ± 22 bands/ primer combination (Table 2 ). An AFLP gel image is shown in Fig. 1 . Of the total scored PCR-amplified bands, 819 (49.41%) were polymorphic, which provides a good estimation of the genetic diversity among the greenbug-resistant accessions, since Uptmoor et al. (2003) indicated that 500 AFLP bands were necessary for reliable genetic similarity estimation. The GSC values ranged from 0.69 to 0.90 among the accessions, with an average of 0.77 ± 0.03. These results suggested a relatively high level of genetic diversity in the resistant sorghum germplasm. The 26 accessions clustered into 2 major groups, A and B, which sub-clustered into several subgroups based on the UPGMA tree of GSCs (Fig. 2) . Genome Vol. 49, 2006 The cophenetic correlation coefficient (r) of the tree cophenetic value matrix to the similarity coefficient matrix had a value of 0.86, indicating a good fit of the dendrogram (Fig. 2) to the original GSCs (data not shown) (Mohammadi and Prasanna 2003) . If races of the sorghum accessions were considered, accessions belonging to race Durra and its hybrids with other races Guinea and Bicolor (with the exception of PI 596542, which showed characteristics of race Caudatum-Bicolor (Table 1) ) were in cluster A, and accessions of race Caudatum and its hybrids with Guinea, Durra, and Kafir were in cluster B. Tao et al. (1993) and Menz et al. (2004) also found that clusters derived from molecular markers were consistent with sorghum sub-specific groupings and plants of a similar taxonomic grouping. Three accessions, PI 607900, PI 535779, and a hybrid M697 from the USA, and accession PI 568618 from Sudan were separated from either of the two major clusters (Fig. 2) . PI 535779 showed substantial genetic distance from other sorghum accessions in the dendrogram (Fig. 2) . This was not surprising, because the plant taxonomically and systematically belongs to Sorghum bicolor (L.) Moench subsp. drummondii (Steud.) de Wet (forage type), while the other accessions belong to Sorghum bicolor subsp. bicolor (grain type) (de Wet 1978) .
Cluster A consisted of resistant accessions, 7 of which were from Ethiopia and 1 each from China, Syria, India, and the USA (Table 1; Fig. 2 ). The Ethiopian accessions have high genetic similarity coefficients, ranging from 0.71 to 0.90. The American accession, PI 596542, sub-clustered with PIs 550610 and 550607 because it had the two Asian accessions in its pedigree as parents (the National Plant Germplasm System 2005). The GSC between PIs 550607 and 550610 was 0.86. Cluster B included resistant accessions not only from Zimbabwe, Togo, Sudan, Nigeria, South Africa, and Zambia, but also from the USA and Honduras (Table 1; Fig. 2 ). The genetic similarity coefficients among the accessions within cluster B were high, at 78% similarity (Fig. 2) . Accessions from the same country, however, did not always cluster in the same sub-groupings, with the exception of the two accessions from Togo (Fig. 2) .
In summary, results from this investigation demonstrated good agreement between GSC values and cluster analysis of Table 1. AFLP marker data, races, and known pedigree information of some accessions examined. The results indicated that relatively diverse greenbug biotype I resistant germplasm exists in the sorghum collection. The results also suggest that there are untapped resistance sources that have a broader genetic base than those currently used. As these sources are so genetically different from the currently used sources, they may have different resistance loci and (or) alleles. Therefore, further investigations to precisely reveal the information relevant to greenbug resistance genes of the untapped sources, such as mapping resistance QTLs, are warranted, as different loci and alleles would offer the potential to increase resistance levels or durability through pyramiding and broadening of the resistance base.
